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UNC-97/PINCH is an evolutionarily conserved protein that contains five LIM domains and is located at cell–extracellular matrix attachment
sites known as cell adhesion complexes. To understand the role of UNC-97/PINCH in cell adhesion, we undertook a combined genetic and cell
biological approach to identify the steps required to assemble cell adhesion complexes in Caenorhabditis elegans. First, we have generated a
complete loss of function mutation in the unc-97 coding region. unc-97 null mutants arrest development during embryogenesis and reveal that the
myofilament lattice and its attachment structures, which include PAT-4/ILK (integrin-linked kinase) and integrin fail to assemble into properly
organized arrays. Although in the absence of UNC-97/PINCH, PAT-4/ILK and integrin fail to organize normally, they are capable of colocalizing
together at the muscle cell membrane. Alternatively, in integrin and pat-4 mutants, UNC-97/PINCH fails to localize to the muscle cell membrane
and instead is found diffusely throughout the muscle cell cytoplasm. In agreement with mammalian studies, we show that LIM domain 1 of UNC-
97/PINCH is required for its interaction with PAT-4/ILK in yeast two-hybrid assays. Additionally, we find, by LIM domain deletion analysis, that
LIM1 is required for the localization of UNC-97/PINCH to cell adhesion complexes. Our results provide evidence that UNC-97/PINCH is
required for the development of C. elegans and is required for the formation of integrin based adhesion structures.
© 2007 Elsevier Inc. All rights reserved.Keywords: Integrin; Cell adhesion; Myofilament assembly; Embryogenesis; PINCH; ILK; Alpha parvin; Caenorhabditis elegansIntroduction
Cell behaviors such as migration, shape change, differentia-
tion and survival involve cell–extracellular matrix (ECM) inter-
actions. A key contributor involved in cell-ECM function is the
cell adhesion complex, which links the cytoskeleton to the
extracellular environment. The study of body wall muscle in
Caenorhabditis elegans provides an excellent in vivo system
for studying the function of cell adhesion during development.
In C. elegans, the myofilament lattice is anchored to the muscle
cell membrane by integrin rich structures known as the M-line
and the dense body (analogous to the vertebrate Z-line) (Francis⁎ Corresponding author. Fax: +1 604 822 2416.
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doi:10.1016/j.ydbio.2007.06.014andWaterston, 1985; Gettner et al., 1995; reviewed in Moerman
and Williams, 2006). Dense bodies are structurally and
functionally similar to cell adhesion complexes observed in
the region of the plasma membrane of cultured cells, which are
in very close contact with the underlying substratum (Jockusch
et al., 1995; Burridge and Chrzanowska-Wodnicka, 1996).
These attachment structures are multiprotein complexes con-
sisting of the transmembrane protein integrin and a complex
array of structural and signaling proteins (Jockusch et al., 1995;
Burridge and Chrzanowska-Wodnicka, 1996). Several compo-
nents of the dense body and M-line have been identified and a
pathway of dependence for the assembly of these structures has
been recognized (Fig. 1). Beginning at the membrane, the ex-
tracellular matrix protein UNC-52/perlecan is required for the
initial establishment of the adhesion site (Rogalski et al., 1993).
At the membrane, integrin is required to anchor the underlying
cytoskeleton to the extracellular matrix (Williams and Water-
Fig. 1. Pathway of protein assembly at the dense bodies and M-lines in Cae-
norhabditis elegans body wall muscle. The extracellular matrix (ECM)
molecule UNC-52/perlecan initiates the assembly pathway of both the dense
bodies and the M-lines. In the absence of UNC-52/perlecan, proteins involved in
these attachment structures and cytoskeleton fail to polarize and the dense
bodies and M-lines fail to form (Rogalski et al., 1993). Next, βPAT-3/integrin
functions to link the cytoskeleton to the ECM. In the absence of βPAT-3/
integrin, UNC-52/perlecan is deposited normally, indicating that βPAT-3/
integrin functions downstream of UNC-52/perlecan. However, cytoplasmic
components of the attachment structures and the cytoskeleton do not polarize
and the dense bodies and M-lines fail to form. Within the cell, the PAT-4/ILK-
UNC-112/Mig-2 complex depends on βPAT-3/integrin for its proper localiza-
tion to the basal membrane. In the absence of the PAT-4/ILK-UNC-112/Mig-2
complex, downstream components of the dense bodies and M-lines and the
cytoskeleton fail to localize to the basal membrane and attachment structures fail
to form. Both PAT-4/ILK and UNC-112/Mig-2 are dependent on each other for
their proper localization (Rogalski et al., 2000; Mackinnon et al., 2002). In this
paper, we show that the next protein involved in these assembly pathways is
UNC-97/PINCH. UNC-97/PINCH requires PAT-4/ILK and βPAT-3/integrin for
its proper localization to the basal membrane. In the absence of UNC-97/
PINCH, UNC-52/perlecan is deposited normally, βPAT-3/integrin and PAT-4/
ILK colocalize to the basal membrane normally. However, βPAT-3/integrin and
PAT-4/ILK never organize into organized attachment structures. Moreover, actin
and myosin fail to organize into mature filaments and fail to localize to the basal
membrane. Similarly, PAT-6/α-parvin depends on PAT-4/ILK-UNC-112/Mig-2-
UNC-97/PINCH for its proper localization at the dense bodies and M-lines (Lin
et al., 2003) (see Results). The dense bodies also contain the cytoskeletal adaptor
protein DEB-1/vinculin whereas the M-lines do not (Barstead and Waterston,
1989, 1991). DEB-1/vinculin requires βPAT-3/integrin for its normal localiza-
tion to the dense bodies. Furthermore, PAT-4/ILK, UNC-112/Mig-2, PAT-6/α-
parvin and UNC-97/PINCH do not require DEB-1/vinculin for their proper
localization to the dense bodies (see Results).
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complex composed of UNC-112/MIG-2–PAT-4/ILK is required
for the proper spatial localization of the dense bodies and M-
lines (Rogalski et al., 2000; Mackinnon et al., 2002). Also
associated with the UNC-112/MIG-2–PAT-4/ILK complex is
PAT-6/α-parvin (also known as actopaxin/CH-ILKBP/affixin),
which is required for the attachment of the actin and myosin to
the dense bodies and M-lines (Lin et al., 2003). Likewise, DEB-
1/vinculin is required for the attachment of the actin filaments to
the dense bodies but not for the attachment of the myosin
filaments to the M-line (Barstead and Waterston, 1991).Another component of this complex is UNC-97/PINCH
(Hobert et al., 1999). UNC-97/PINCH is an evolutionarily con-
served 40 kDa protein, which consists entirely of 5 LIM domains
(Hobert et al., 1999). The presence of 5 LIM domains in UNC-
97/PINCH suggests that it is likely a structural protein, which
interacts with several other proteins, possibly as an adapter.
Consistent with this model, the murine and Drosophila homo-
logs of UNC-97, PINCH-1, 2 and DmPinch, encoded by stea-
mer duck, have been found to bind to ILK (Tu et al., 1999; Zhang
et al., 2002a; Clark et al., 2003). Furthermore, several other
components have been identified that interact with UNC-97/
PINCH. For example, UNC-97/PINCH has been shown to in-
teract with Nck-2, which has been implicated in Arp2/3 function
by its interaction with the Wiskott-Aldrich syndrome protein/
suppressor of cAR (WASp/Scar) protein family (Tu et al., 1998)
and UNC-98 a C2H2 zinc finger protein, which is required to
link UNC-97/PINCH to myosin filaments (Mercer et al., 2003).
Although previous studies showed a requirement for UNC-
97/PINCH in myofilament maintenance (Zengel and Epstein,
1980; Hobert et al., 1999), there are several issues that remain.
First, their analysis was based on partial loss of protein function
and did not address the complete loss of UNC-97/PINCH func-
tion. To get a more complete understanding of the role of UNC-
97/PINCH in adhesion complex formation, we generated a null
mutation in the unc-97 gene. The null mutation allowed us to
analyze the formation of adhesion structures in the absence of
UNC-97/PINCH and gain insight into the role of UNC-97/
PINCH in the molecular pathway of adhesion complex assem-
bly. Secondly, we were interested in the requirement of individ-
ual LIM domains for UNC-97/PINCH function. We identified
that LIM domain 1 of UNC-97/PINCH binds to ILK and that
this domain is required for the proper in vivo localization of
UNC-97/PINCH.
Materials and methods
Strains, maintenance and isolation of unc-97(ra115)
C. elegans strains were maintained and cultured as described (Brenner,
1974). The N2 Bristol strain was used as the control wild-type strain. Unless
otherwise indicated, all genetic experiments were carried out at 20 °C. The
following mutant alleles were used in this study: dpy-7(sc27), deb-1(st555),
lon-2(e678), pat-3(st564), pat-4(st551) and unc-97(su110). To isolate a null
allele of unc-97, lon-2(e678)+/+dpy-7(sc27) animals were treated with 25 mM
EMS and the progeny of 1500 F1 animals were scored for the lack of Dpy-7 or
Lon-2 animals. Animals that failed to segregate Dpy-7 or Lon-2 animals were
examined for Pat progeny. A complementation test with unc-97(su110) indicated
that ra115 is an allele of unc-97.
Molecular biology and generation of transgenic nematodes
PCR was conducted as described (Barstead et al., 1991). DNA sequencing
reactions were carried out directly on PCR amplified genomic DNA by the
Nucleic Acid/Protein Service unit at the University of British Columbia. The
bacterial strain XL1-Blue (Stratagene) was used for subcloning. To generate the
yeast two-hybrid clones, specific regions of the unc-97 cDNAwere amplified by
PCR using the primers. The primers were designed with BamHI (5′ end) and
XhoI (3′ end) sites and were directly cloned into the yeast two-hybrid vectors,
pGAD and pGBDU (James et al., 1996). The clones were sequenced by the
Nucleic Acid/Protein Service unit at the University of British Columbia to verify
DNA sequence.
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produced by cloning the full-length unc-97 cDNA (yk184e5 gift from Y.
Kohara) into pPD129.36 (dsRNA feeding vector; a gift from A. Fire). RNAi was
carried out as described (Timmons et al., 2001). Transgenic animals were
generated as previously described (Mello and Fire, 1995). pRF4[rol-6(su1006)]
was used as a transformation marker transformation. unc-97∷GFP reporter
constructs were generated by coinjection of a plasmid containing the genomic
coding region for LIM domains 4 and 5 fused in frame to GFP and several
different PCR-generated deletion constructs. The PCR-generated constructs
include the unc-97 5′ upstream region (promoter) and the genomic coding
region for LIM domains 4 and 5. Three different deletion constructs were made,
which include deletion of LIM domain 1, deletion of LIM domain 3 and deletion
of LIM domains 2 and 3. When the PCR products are coinjected with the
plasmid encoding LIM4–5 and GFP, the DNA recombines (over lap in the
LIM4–5 coding region) in vivo to produce the desired deletion constructs fused
with GFP as previously demonstrated (Maryon et al., 1998).
Immunofluorescence and microscopy
Embryo fixation, antibody staining and microscopy were carried out as
described (Norman and Moerman, 2000, 2002). Fluorescence microscopy was
conducted on a Zeiss Axiovert T100 TV equipped with the Radiance 2000
confocal system (Bio-rad). A minimum of 10 animals was examined for each
genotype. Animals were staged according to pharyngeal development. The
antibodies used in this study were a mouse monoclonal antibody to myosin
heavy chain A (DM5.6) (Miller et al., 1983), a mouse monoclonal antibody to
nematode βPAT-3/Integrin (MH25) (Francis and Waterston, 1985; Gettner et al.,
1995), a mouse monoclonal antibody to nematode DEB-1/vinculin (MH23)
(Francis and Waterston, 1985; Barstead and Waterston, 1989) and a rabbit
polyclonal to nematode perlecan (GM1) (Moerman et al., 1996). DM5.6 and
GM1 were diluted 1:50; MH23 and MH25 were diluted 1:100. The secondary
antibodies used were FITC-labeled donkey anti-rabbit IgG F(ab′)2 and Texas-
red-labeled donkey anti-mouse IgG F(ab′)2 (Jackson ImmunoResearch
Laboratories) and were diluted 1:200. Embryos for FITC–phalloidin staining
were prepared as described (Costa et al., 1997). Differential interference contrast
(DIC) images were collected on a Zeiss Axiophot microscope. The images were
collected using a Dage-MTI CCD-100 digital camera and Scion image software.Fig. 2. Isolation of a null mutation in unc-97. (A) Schematic representation of the
representation of the genomic organization of the unc-97 gene where boxes are exons.
(Hobert et al., 1999) and ra115 (described here). (C) A representative N2 embryo
(ra115) embryo to complete morphogenesis beyond two-fold in length. Scale bar reYeast two- and three-hybrid screening
Two-hybrid screening with the unc-97 bait protein was carried out in the
yeast strain PJ69-4A as previously described (James et al., 1996). The RB2
cDNA library (gift R. Barstead) was used for screening. Direct interaction of the
deletion constructs were carried out by transforming PJ69-4Awith both bait and
prey plasmids. To confirm two-hybrid interactions, three independent colonies
were selected and tested.
Yeast three-hybrid experiments were carried out as previously described (Lin
et al., 2003). Briefly, PJ69-4A strains harboring DNA binding fusion of UNC-
112 and activator fusions of UNC-97 were transformed with pDM#400 that
expresses myc tagged PAT-4 kinase dead mutant (E359K) or pKK436 (vector
alone). After colony formation, three independent colonies were picked up and
investigated for colony formation on−HisLeuUraTrp or−AdeLeuUraTrp plates.
Results
Isolation of a null allele of unc-97/PINCH
Because RNAi for unc-97 has been shown to result in the
paralyzed, arrested development at the two-fold stage of em-
bryogenesis phenotype (Pat) (Hobert et al., 1999), we screened
for and identified a Pat mutation in the unc-97 locus (see
Materials and methods). Consistent with the RNAi results, the
null phenotype of unc-97, unc-97(ra115), results in Pat embryos.
unc-97(ra115) animals undergo embryogenesis normally until the
two-fold stage. Normally, at the two-fold stage of development,
body wall muscle contraction commences and the embryo begins
to elongate (Fig. 2C). By contrast, in unc-97(ra115) animals,
body wall muscle contraction fails to occur and the embryo fails
to elongate beyond two-fold in length (Fig. 2D). In contrast,
pharyngeal muscle contraction commences normally in unc-97
(ra115) embryos. A translational fusion of the genomic region ofUNC-97/PINCH protein (modified from Hobert et al., 1999). (B) Schematic
Below are the position of the two point mutations that are found in unc-97,su110
and (D) a representative unc-97(ra115) embryo. Note the failure of the unc-97
presents 10 μm.
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observed in unc-97(ra115).
To identify the unc-97(ra115) lesion in the unc-97 open
reading frame (ORF), the entire gene was sequenced. A GC-AT
transition was found in exon 2 producing a premature stop
codon, which results in the truncation of the unc-97 gene pro-
duct in the coding region of the first LIM domain most likely
producing a protein null (Figs. 2A, B). The unc-97(ra115)
mutant phenotype is phenocopied by RNAi experiments when
the full-length unc-97 cDNA is used to produce dsRNA (our
unpublished data and see Hobert et al., 1999). These results
indicate that unc-97(ra115) is a complete loss of function allele
of unc-97.
UNC-97/PINCH is required for myofilament assembly
Previously, the weak allele of unc-97, unc-97(su110), im-
plicated UNC-97/PINCH in the maintenance of the myofila-
ment lattice (Hobert et al., 1999). To further address the role of
UNC-97/PINCH in myofilament organization, myofilament
assembly was analyzed in the unc-97 null mutant. To examine
the structure of the myofilament lattice in unc-97(ra115) mu-
tants, these embryos were labeled with an antibody that recog-
nizes body wall myosin (Miller et al., 1983) and compared to
wild-type embryos. In wild-type embryos, myosin is polarized
to the basal membrane and organizes into two double rows in
each muscle quadrant (Fig. 3A). In unc-97(ra115) embryos,
body wall muscle development is initially normal (i.e. muscle
cells migrate to the normal position forming quadrants) and
myosin is localized to the basal membrane; however, mature
myosin filaments are never observed (Fig. 3B). Instead, myosin
is irregularly clumped near the basal membrane (Fig. 3B).
To investigate the organization of the actin rich thin fila-
ments, unc-97(ra115) and wild-type embryos were labeled with
the filamentous actin binding molecule phalloidin conjugated to
FITC. In wild-type embryos, actin localizes to the basal mem-
brane and assembles into thin filaments (Fig. 3C). While actin
localizes to the basal membrane in unc-97(ra115) mutant
animals, it fails to organize into thin filaments and appears as
arrays of randomly organized filaments (Fig. 3D).
UNC-97/PINCH is required for the spatial organization of
vinculin and integrin in the muscle cell membrane
Since the myofilaments failed to assemble in unc-97(ra115)
mutants, the organization of the myofilament attachment struc-
tures was investigated. Integrin is known to be an essential
component of vertebrate cell adhesion complexes. Additionally,Fig. 3. Muscle assembly in unc-97 mutant embryos. (A–J) Representative wild-
type (left column) and unc-97(ra115) mutant (right column) embryos stained
for (A and B) myosin, (C and D) actin, (E and F) integrin, and (G and H)
vinculin. Panels I and J are representative embryos showing PAT-6/α-
parvin∷GFP localization. All panels show a dorsolateral view of the embryo
with the anterior to the top. In unc-97(ra115) mutants, the myofilaments fail to
organize into mature filaments (B and D). Additionally, the attachment structure
containing integrin, vinculin and PAT-6/α-parvin∷GFP fail to form linear
puncta (F, H and J). The scale bar represents 2 μm.integrin has been shown to be an essential component of the
dense body and M-line of C. elegans. Specifically, in βpat-3/
integrin mutants both myosin and actin fail to localize to the
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ston, 1994; Gettner et al., 1995). Therefore, integrin is essential
for the assembly and anchoring of the myofilaments to the
membrane. To investigate the organization of integrin in unc-97
(ra115) mutants, mutant and wild-type embryos were labeled
with antisera that recognize nematode βpat-3/integrin (Francis
and Waterston, 1985; Gettner et al., 1995). In wild-type em-
bryos, integrin is organized in punctate linear arrays in the basal
cell membrane that run the length of the body wall muscle cells
(Fig. 3E). In contrast, in unc-97(ra115) mutant embryos, integ-
rin is observed as randomly placed clusters throughout the basal
cell membrane (Fig. 3F).
Vinculin, a component of mammalian adhesion complexes,
has been implicated in anchoring the actin cytoskeleton to in-
tegrin (Jockusch et al., 1995; Burridge and Chrzanowska-
Wodnicka, 1996). Additionally, inC. elegans, vinculin, encoded
by the deb-1 gene, has been shown to be essential for the
organization of the thin filaments in the body wall muscle
(Barstead and Waterston, 1991). To determine whether vinculin
is properly organized in unc-97(ra115) mutants, mutant and
wild-type embryos were labeled with antisera that recognizes
nematode vinculin (Francis and Waterston, 1985; Barstead and
Waterston, 1989). In wild-type embryos, as is seen with integrin,
vinculin is organized in punctate linear arrays at the basal cell
membrane that run the length of the body wall muscle cells (Fig.
3G). Similar to what was observed for integrin, in unc-97(ra115)
mutant embryos vinculin is observed as random puncta at the
basal membrane and is not organized in linear arrays (Fig. 3H).
In unc-97(ra115) mutant embryos actin, myosin, vinculin
and integrin do not properly organize within the body wall
muscle. The attachment structures containing these components
are anchored to the basement membrane. In C. elegans, the
basement membrane protein perlecan, encoded by the unc-52
gene, has been shown to be essential for the proper localization
of integrin, vinculin and for myofilament assembly (Rogalski
et al., 1993; Hresko et al., 1994).Fig. 4. PAT-4/ILK colocalizes with βPAT-3 integrin at muscle attachment sites in the a
embryos labeled with PAT-4/ILK∷GFP (green) and integrin (red). Areas of PAT-4
represents 10 μm.To investigate whether perlecan distribution is affected in
unc-97(ra115) mutants, wild-type and unc-97(ra115) embryos
were labeled with antisera that is specific to UNC-52 (Moerman
et al., 1996). In both wild-type and unc-97(ra115) embryos,
perlecan is evenly distributed under the body wall muscle cells
(data not shown) and no disorganization of this pattern is
observed in unc-97(ra115) mutant embryos. This suggests that
while perlecan is required for integrin, vinculin and myofila-
ment assembly, the converse is not true. That is, in the absence
of the normal positioning of these structures perlecan is norm-
ally distributed.
UNC-97/PINCH is not required for the colocalization of
PAT-4/ILK with integrin
Mammalian PINCH has been reported to directly interact
with ILK (Tu et al., 1999) and since the phenotype of unc-97/
PINCH null mutants is similar to pat-4/ILK null mutants
(Mackinnon et al., 2002), the distribution of PAT-4/ILK was
investigated in unc-97 mutant embryos. This was conducted
by analyzing wild-type animals and unc-97 mutants carrying
an extrachromosomal array expressing a fully functional PAT-
4/ILK∷GFP fusion protein (Mackinnon et al., 2002).
Normally, PAT-4/ILK is located at the basal membrane with
integrin and is distributed in a linear punctate pattern that runs
the length of the muscle cells (Figs. 4A, B). In unc-97
mutants, PAT-4/ILK localizes to the basal membrane; however,
it is not organized in punctate arrays, instead it is found in
random clumps (Figs. 4D, E). Additionally, the same results
were obtained when an antibody to PAT-4/ILK (Mackinnon et
al., 2002) was used (data not shown). To determine if PAT-4/
ILK colocalizes with integrin in the absence of UNC-97/
PINCH, unc-97 mutant embryos harboring the fully functional
PAT-4/ILK∷GFP fusion protein were examined by immuno-
fluorescence microscopy using an anti integrin antibody
(Francis and Waterston, 1985). The random puncta of PAT-4/bsence of UNC-97/PINCH. (A–C) Representative N2 and (D–F) unc-97(ra115)
/ILK∷GFP and integrin colocalization appear yellow (arrows). The scale bar
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immunofluorescence (Figs. 4D–F). Although the proper
organization of PAT-4/ILK and integrin is never observed,
these results indicate that PAT-4/ILK can localize to integrin in
the absence of UNC-97/PINCH.
UNC-97/PINCH requires integrin and PAT-4/ILK for proper
localization to attachment structures
In order to determine the proteins required for UNC-97/
PINCH recruitment to the myofilament attachment sites, a
functional UNC-97∷GFP fusion protein (Hobert et al., 1999)
was introduced into different mutant backgrounds that affect
different stages of myofilament assembly. In wild-type em-
bryos, UNC-97/PINCH localizes to the basal membrane (Fig.
5A), where it colocalizes with the myofilament attachment
structures (Hobert et al., 1999). Additionally, UNC-97/PINCH
localizes to the nucleus (Fig. 5A) (Hobert et al., 1999), which
has also been reported for mammalian PINCH-2 (Zhang et al.,
2002a). In vinculin mutants, it has been shown that integrin and
PAT-4/ILK form into normal arrays of myofilament attachmentFig. 5. UNC-97/PINCH requires integrin and PAT-4/ILK but not vinculin or PAT-6/α-
of UNC-97/PINCH was examined in (A) N2, (B) deb-1, (C) pat-4, (D) βpat-3 and (
normally to the basal membrane (arrows) and is found in a linear punctate pattern (arr
of (C) pat-4 and (D) βpat-3 embryos (arrows). (E) In pat-6 embryos UNC-97/PINC
abnormally positioned. Note nuclear fluorescence (small grey arrows). The scale basites (Hresko et al., 1994; Mackinnon et al., 2002). To determine
if vinculin is required for the localization of UNC-97/PINCH to
the attachment sites, the distribution of UNC-97/PINCH in
vinculin mutants, deb-1(st555), was investigated. In deb-1
(st555) embryos, UNC-97/PINCH is recruited to the attachment
structures normally forming recognizable attachment structures
(Fig. 5B). PAT-4/ILK has been demonstrated to be required for
the formation of mature myofilament attachment structures
(Mackinnon et al., 2002). Additionally, PAT-4/ILK interacts
with UNC-97/PINCH (see below). Therefore, the requirement
of PAT-4/ILK in the recruitment of UNC-97/PINCH to the
myofilament attachment structures was investigated. In pat-4
(st551) embryos, UNC-97/PINCH fails to localize to the
attachment structures and was instead observed by confocal
microscopy in a diffuse pattern throughout the body wall mus-
cle cell cytoplasm and nuclei (Fig. 5C). Furthermore, analysis of
UNC-97/PINCH localization in βpat-3/integrin mutants reveals
that UNC-97/PINCH fails to localize to the basal membrane.
Instead, UNC-97/PINCH is diffusely distributed throughout the
body wall muscle cytoplasm and nuclei as observed by confocal
microscopy (Fig. 5D). These results indicate that both PAT-4/parvin for its normal localization to the muscle attachment sites. The distribution
E) pat-6 embryos. In (A) N2 and (B) deb-1 embryos, UNC-97/PINCH localizes
owheads). Conversely, UNC-97/PINCH is diffusely distributed in the cytoplasm
H is localized to punctate attachment structures; however, these structures are
r represents 2 μm.
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recruitment of UNC-97/PINCH to the body wall muscle
attachment structures.
LIM domain 1 of UNC-97/PINCH interacts with PAT-4/ILK
Since it is known that UNC-97 colocalizes with the several
other proteins (such as PAT-4/ILK, UNC-112 and integrin) at
the dense body and M-line (adhesion complexes) (Hresko et al.,
1994; Hobert et al., 1999), we set out to identify UNC-97/
PINCH binding partners. To accomplish this, a yeast two-hybrid
screen was carried out using the full-length UNC-97 protein as
bait. One of the identified interactors was PAT-4/ILK. The
region of PAT-4/ILK identified in the screen contained the NH
terminal ankyrin repeats as well as part of the kinase domain.
Mammalian PINCH has been reported to interact with the
ankyrin repeats of ILK; therefore, these results are consistent
with the mammalian ILK and PINCH interaction (Li et al.,
1999; Tu et al., 1999). To verify these results, full-length PAT-4/
ILK and several deletion constructs of PAT-4/ILK were tested
for their ability to interact with full-length UNC-97/PINCH.
Consistent with the mammalian data, only the constructs of
PAT-4/ILK containing the amino terminal ankyrin repeats were
able to interact with UNC-97/PINCH (Fig. 6). Additionally, the
first LIM domain of mammalian PINCH has been reported to
interact with ILK (Li et al., 1999; Tu et al., 1999). To investigate
this possibility with the nematode proteins, several deletion
constructs of UNC-97/PINCH were generated and tested for
their ability to interact with PAT-4/ILK. Consistent with the
mammalian studies, the first LIM domain of UNC-97/PINCH
interacts with PAT-4/ILK (Fig. 6). These results demonstrate
that the protein interaction between mammalian PINCH and
ILK is evolutionarily conserved and suggests that the biological
roles are as well.Fig. 6. Yeast two-hybrid analysis of UNC-97/PINCH and PAT-4/ILK interactions.
(schematic shown below UNC-97/PINCH), were tested for their ability to interact w
PAT-4/ILK. A “+” indicates a positive interaction and a “−” indicates a negative int
number NP_508943).PAT-4/ILK links UNC-97/PINCH to either UNC-112/Mig-2 or
PAT-6/α-parvin
Several proteins have now been identified as components of
the dense body and M-line; however, it is unclear which of these
physically interact as a complex. Furthermore, mutations in
several components of the dense body and M-line all have the
same mutant phenotype (Pat). These data suggest that these
components function together in the same pathway in the
formation of the myofilament lattice. Recently, PAT-4/ILK has
been shown to interact with UNC-112/Mig-2 and PAT-6/α-
parvin (Mackinnon et al., 2002; Lin et al., 2003), and here it has
been shown that, like their mammalian counterparts, UNC-97/
PINCH interacts with PAT-4/ILK. Furthermore, mammalian
PINCH, ILK and α-parvin have been shown to form a complex
in cultured cells (Tu et al., 2001). These results suggest that PAT-
4/ILK could act as an adaptor molecule that could potentially
link UNC-97/PINCH, UNC-112/Mig-2 and PAT-6/α-parvin into
a complex. To test this model, a yeast three-hybrid approach was
utilized (Vidal and Legrain, 1999). This involves using an
adaptor protein expressed in yeast by the constitutive GAP
promoter (Lin et al., 2003) to link together the bait (containing
the Gal4 DNA binding domain) and prey protein (containing
Gal4 activating domain). Initially, UNC-97/PINCH was tested
to determine if it interacted with UNC-112/MIG-2 and PAT-6/α-
parvin. No interaction was detected (Table 1). When PAT-4/ILK
is expressed in yeast harboring both the bait and prey proteins
(UNC-97/PINCH∷Gal4 DNA binding domain and UNC-
112∷Gal4 activating domain or PAT-6/α-parvin, respectively),
a positive interaction is detected (Table 1). When vector alone is
tested in yeast expressing both the UNC-97/PINCH∷Gal4 DNA
binding domain and UNC-112∷Gal4 activating domain, no
interaction is detected (Table 1). These results indicate that PAT-
4/ILK can act as an adaptor protein that links together UNC-97/Different constructs of UNC-97/PINCH, including several deletion constructs
ith full-length PAT-4/ILK, the N-terminus of PAT-4/ILK and the C-terminus of
eraction. Residues are indicated based on GenPept protein sequence (accession
Table 1
Yeast three-hybrid analysis of UNC-97/PINCH, PAT-4/ILK, UNC-112 and
PAT-6/α-parvin
Gal4 DNA binding
fusion
Gal4 activating
fusion
Adaptor Interaction
UNC-97/PINCH UNC-112 None No
UNC-97/PINCH UNC-112 Vector No
UNC-97/PINCH UNC-112 PAT-4/ILK* Yes
UNC-112 UNC-97/PINCH None No
UNC-112 UNC-97/PINCH Vector No
UNC-112 UNC-97/PINCH PAT-4/ILK Yes
UNC-97/PINCH PAT-6/α-parvin None No
UNC-97/PINCH PAT-6/α-parvin Vector No
UNC-97/PINCH PAT-6/α-parvin PAT-4/ILK Yes
PAT-6/actopaxin UNC-97/PINCH None No
PAT-6/actopaxin UNC-97/PINCH Vector No
PAT-6/actopaxin UNC-97/PINCH PAT-4/ILK Yes
Fig. 7. UNC-97/PINCH LIM1 is required for normal localization to the muscle
attachment sites. All images shown are representative N2 animals injected with
(A) ΔLIM1∷UNC-97/PINCH∷GFP, (B) full-length UNC-97/PINCH∷GFP,
“(C) ΔLIM2-3∷UNC-97/PINCH∷GFP and (D) ΔLIM3∷UNC-97/
PINCH∷GFP. (A) A paralyzed arrested at the two-fold stage embryo, which
has diffuse fluorescence in the cytoplasm and in the nucleus. (B–D) Young
adults. (B) Localization of the wild-type protein to the dense bodies, the M-line
and to the nucleus. (C and D) Localization of the ΔLIM3∷UNC-97/
PINCH∷GFP and ΔLIM2–3∷UNC-97/PINCH∷GFP, respectively. These
mutant proteins localize normally to the dense bodies and the M-lines; however,
they never localize to the nucleus. (B–D) Arrows indicate the M-lines and
arrowheads indicate the dense bodies. The scale bar represents 10 μm.
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cells.
Since PAT-6/α-parvin and UNC-97/PINCH directly interact
with PAT-4/ILK and both pat-6/α-parvin mutants and unc-97/
PINCH null mutants have a very similar Pat phenotype (Lin
et al., 2003), unlike unc-112/Mig-2 mutants which is more
severe and similar to βpat-3/integrin mutants (e.g. myofila-
ments fail to polarize) (Rogalski et al., 2000; MacKinnon et
al., 2002), the localization of PAT-6/α-parvin was analyzed in
unc-97/PINCH null mutants. In wild-type animals, PAT-6/α-
parvin is localized to the basal membrane and is distributed in
a linear punctate pattern (Fig. 3I). In unc-97/PINCH null
mutants, PAT-6/α-parvin is more diffusely localized (Fig. 3J),
indicating the importance of UNC-97/PINCH in the proper
localization of PAT-6/α-parvin to PAT-4/ILK–integrin adhe-
sion complex. To investigate the role of PAT-6/α-parvin in the
subcellular localization of UNC-97/PINCH, the localization of
UNC-97/PINCH was analyzed in pat-6/α-parvin mutants.
Similar to wild-type animals, UNC-97/PINCH is localized to
the basal membrane in pat-6/α-parvin mutants (Figs. 5A, E).
However, unlike wild-type animals, where UNC-97/PINCH is
localized in a linear punctate pattern (Fig. 5A), UNC-97/
PINCH is distributed in a random punctate pattern in pat-6/α-
parvin mutants (Fig. 5E). These data suggest that UNC-97/
PINCH can localize to the adhesion structure, which includes
PAT-4/ILK and integrin but the adhesion structure is ab-
normally localized in the absence of PAT-6/α-parvin.
LIM1 is required for the localization of UNC-97/PINCH
LIM domain one (LIM1) of UNC-97/PINCH is required to
physically interact with PAT-4/ILK. In addition, UNC-97/
PINCH is dependent on PAT-4/ILK for its localization to the
myofilament attachment sites. Therefore, to investigate the im-
portance of LIM1 for the proper localization of UNC-97 in vivo,
several deletion constructs tagged with GFP fused to the COOH
terminus were generated and transgenic lines were produced.
Importantly, full-length unc-97∷GFP is capable of complete
mutant rescue (Fig. 7B). Stable transgenic lines that carried a
deletion of LIM1 were not obtained. Instead many lethal pro-geny that resemble the Pat mutant phenotype were produced
from injected hermaphrodites. This suggests that deletion of
LIM1 is toxic to wild-type animals. Furthermore, analysis of
these arrested animals reveals that the GFP signal is observed
throughout the cytoplasm and is not recruited to the basal mem-
brane (Fig. 7A). Two other deletion constructs were introduced
Table 2
Localization and rescue of UNC-97/PINCH deletion constructs
Construct Localization adult Localization embryo Rescue
UNC-97∷GFP Dense bodies,
M-lines and
nucleus
Dense bodies,
M-lines and
nucleus
Yes
UNC-97ΔLIM1∷GFP N.D. Diffuse in
cytoplasm
and nucleus
N.D.
UNC-97ΔLIM3∷GFP Dense bodies
and M-lines
Dense bodies,
M-lines
and nucleus
No
UNC-97ΔLIM2–3∷GFP Dense bodies
and M-lines
Dense bodies
and M-lines
No
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containing deletions of LIM3 and LIM2–3. Both lines showed
that the deletion proteins were capable of normal localization to
the M-lines and dense bodies (Figs. 7C, D). However, these
constructs failed to rescue the null phenotype (Table 2). Add-
itionally, theΔLIM2–3 UNC-97/PINCH protein appeared more
diffuse in the cytoplasm than compared to the wild-type UNC-
97/PINCH and ΔLIM3 UNC-97/PINCH (Fig. 7C). Moreover,
both ΔLIM3 and ΔLIM2–3 UNC-97/PINCH proteins failed to
show any nuclear localization, whereas the wild-type and
ΔLIM1 UNC-97/PINCH did show nuclear localization (Fig. 7).
Analysis of the ΔLIM3 and ΔLIM2–3 UNC-97/PINCH pro-
teins during embryogenesis indicated that both deletion proteins
could localize to the basal membrane and ΔLIM3 but not
ΔLIM2–3 UNC-97/PINCH localized to the nucleus (Table 2).
These results suggest that (1) LIM1 is important for UNC-97/
PINCH localization and in the absence of the LIM1 domain the
truncated protein may sequester important components away
from the myofilament attachment sites. (2) LIM2 and LIM3 are
not important for the normal localization of UNC-97/PINCH to
the muscle attachment structures but are important for the
function of UNC-97/PINCH. (3) LIM3 may be important for
nuclear localization during adulthood and LIM2–3 are impor-
tant for nuclear localization throughout development.
Discussion
In this paper, we have analyzed a null mutation of unc-97 in
order to elucidate the role of UNC-97/PINCH during cell ad-
hesion complex assembly. The initial study of unc-97 examined
a partial loss of function allele, which indicated that UNC-97/
PINCH has a role in the integrity of the myofilament lattice. To
more definitively understand the role of UNC-97/PINCH du-
ring cell adhesion complex assembly, we generated a null allele
of unc-97 and examined what occurs to the cell adhesion com-
plex in the absence of UNC-97/PINCH. From our analysis of
the unc-97 null mutant, we have demonstrated that UNC-97/
PINCH is required for normal embryonic development. In the
absence of UNC-97/PINCH, the dense bodies, M-line and
myofilaments fail to organize into mature structures in the body
wall muscle leading to paralyzed, arrested embryos. In unc-97
(ra115) mutant animals, myosin, actin and components of the
dense body and M-line (integrin, PAT-4/ILK and vinculin)localize normally to the basal membrane but fail to organize into
mature filaments and attachment structures. Additionally, UNC-
97/PINCH requires integrin and PAT-4/ILK but not PAT-6/α-
parvin or vinculin for its normal recruitment to the attachment
structures. Furthermore, LIM1 of UNC-97/PINCH is required
for the interaction with PAT-4/ILK. As well, we found that the
deletion of LIM1 of UNC-97/PINCH prevented normal
localization of this protein to the dense bodies and M-lines,
whereas UNC-97/PINCH with a deletion of LIM3 or LIM2–3
was capable of localizing normally to the dense bodies and M-
lines. However, these deletion constructs were unable to rescue
the unc-97(ra115) mutant phenotype.
Assembly of adhesion complexes
In C. elegans, several components of the body wall muscle
dense body and M-line have been identified. These include
integrin, encoded by αpat-2/integrin and βpat-3/integrin, and
vinculin, encoded by deb-1, PAT-4/ILK, PAT-6/α-parvin, UNC-
112/Mig-2, UNC-97/PINCH, talin, UNC-89/Obscurin, UNC-
96, UNC-98 and α-actinin. Of note, mutations in several of
these components have the same mutant phenotype, paralyzed,
arrested at the two-fold stage (Pat). Analysis of these mutants
indicates that the steps required to anchor the myofilaments to
the basal membrane are defective. Furthermore, these compo-
nents are dependent on one another for their proper localization
into mature attachment sites and results from several studies
indicate that assembly begins at the membrane (Rogalski et al.,
1993; Hresko et al., 1994; Mackinnon et al., 2002; Lin et al.,
2003; results presented here; reviewed in Moerman and Wil-
liams, 2006). A model for the molecular pathway of attachment
structure assembly in the body wall muscle of C. elegans is
shown in Fig. 1. Previously, PAT-6/α-parvin, PAT-4/ILK and
UNC-112/Mig-2 were shown to form a complex that is essential
for the assembly of the myofilaments and adhesion structures
(Mackinnon et al., 2002; Lin et al., 2003). Here, we report that
UNC-97/PINCH, like its mammalian and Drosophila counter
parts, interacts with PAT-4/ILK. Similarly, as is observed for the
mammalian proteins (Tu et al., 2001), we have demonstrated
that a complex between UNC-97/PINCH, PAT-4/ILK and PAT-
6/α-parvin is detected in yeast three-hybrid assays. Further-
more, since both UNC-112/Mig-2 and UNC-97/PINCH interact
with PAT-4/ILK, we tested for the ability of these three
molecules to form a complex. Using a yeast three-hybrid assay,
we were able to show that in yeast cells PAT-4/ILK is able to
bring together UNC-112 and UNC-97/PINCH into a complex.
Since mutations in these genes all possess a Pat phenotype, and
they all colocalize to the dense bodies and M-lines and the
interdependence of these molecules for the proper localization
of each other, we feel that this in vitro interaction of UNC-97/
PINCH, UNC-112/Mig-2 and PAT-4/ILK strongly suggests that
these molecules form a complex in vivo and that this complex is
essential for the formation of the myofilament attachment
structures and the anchoring of the myofilament lattice to the
basal muscle cell membrane. Furthermore, since integrin fails to
form into linear arrays in unc-97mutants, our data indicates that
UNC-97/PINCH and likely the formation of these complexes
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proper clustering and anchoring of integrin in the membrane.
Thus far, our results in conjunction with results obtained
from cultured cells, mouse and Drosophila have indicated that
in order for cell-ECM attachments to occur a protein complex
composed of UNC-97/PINCH, PAT-4/ILK, PAT-6/α-parvin and
UNC-112/Mig-2 must form to attach the cytoskeleton to the
ECM receptors (Wu, 2005; Legate et al., 2006; Delon and
Brown, 2006). If components of this complex are missing or are
perturbed, cells are unable to form functional adhesion sites. For
example, in C. elegans when UNC-97/PINCH, PAT-4/ILK,
UNC-112/Mig-2 or PAT-6/α-parvin is absent, the attachment
structures fail to anchor the cytoskeleton to the ECM via integ-
rin (data presented here; Rogalski et al., 1993; Mackinnon et al.,
2002; Lin et al., 2003). Additionally, when truncated PINCH-1/
2 or ILK are over expressed in mammalian cells, the cells fail to
undergo cell shape changes and fail to migrate (Zhang et al.,
2002a,c). Furthermore, perturbation of the PINCH, ILK and α-
parvin/CH-ILKBP complex in cultured cells disrupts the local-
ization of ILK to cell adhesion complex sites (Zhang et al.,
2002b). These results suggest that a functional complex con-
taining UNC-97/PINCH, PAT-4/ILK, PAT-6/α-parvin and
UNC-112/Mig-2 are required for cell adhesion complexes to
form functional cell-ECM attachments. Studies on both Dro-
sophila PINCH and mouse PINCH1 have implicated these
proteins in integrin-based cell adhesion (Clark et al., 2003; Li
et al., 2005). Similar to our study, null mutations in Drosophila
PINCH and mouse PINCH1 result in phenotypes very similar
to loss of β1 integrin function, Additionally, Drosophila
PINCH requires integrin and ILK for its normal localization to
muscle attachment sites. However, like PAT-4/ILK, Drosophila
ILK does not require PINCH for its localization to muscle
attachment sites. These results are consistent with our data and
suggest that the PINCH–ILK complex function is evolutiona-
rily conserved.
Analysis of UNC-97/PINCH structure and function
From our analysis,ΔLIM1 UNC-97/PINCH protein is found
throughout the cytoplasm and in the nucleus. These data along
with the yeast two-hybrid interaction between LIM1 of UNC-
97/PINCH and PAT-4/ILK, which is also observed in the mam-
malian homologs, suggest that UNC-97/PINCH is recruited to
the dense bodies and M-lines by PAT-4/ILK. This is further
supported by failure of UNC-97/PINCH to localize to the basal
muscle cell membrane in pat-4mutants. However, the reverse is
not true. PAT-4/ILK can localize to the basal membrane and can
even colocalize with integrin in the absence of UNC-97/
PINCH. Nonetheless, the distribution of the PAT-4/ILK-integrin
complex is disorganized in unc-97 mutants. Additionally, two
separate UNC-97/PINCH deletion constructs, ΔLIM3 and
ΔLIM2–3, were localized normally to the dense bodies and
M-lines. This suggests that LIM domains 2 and 3 are not re-
quired for the proper localization of UNC-97/PINCH. Interest-
ingly, wild-type animals expressing the ΔLIM1 construct arrest
during the late stages of embryogenesis with a phenotype that is
similar to the Pat mutant phenotype. The introduction of thisconstruct into wild-type animals causes a phenotype similar to
the loss of UNC-97/PINCH, which suggests that the remaining
portion of the molecule (LIM domains 2–5) interacts and inter-
feres with other components that are essential for the attachment
of the myofilaments to the membrane. Unlike the UNC-97/
PINCH ΔLIM1 protein, animals expressing the ΔLIM3 or
ΔLIM2–3 UNC-97/PINCH proteins did not show any
deleterious effects. However, these constructs were not able to
rescue unc-97(ra115) animals, which suggests LIM domains 2
and 3 are essential for the proper assembly of the attachment
structures and the anchoring of the myofilaments to the basal
muscle cell membrane. Since ΔLIM1 UNC-97/PINCH is found
diffusely throughout the cytoplasm and nucleus, perhaps there
was failure of ΔLIM1 UNC-97/PINCH to localize to the
attachment structures, thereby preventing or titrating away pro-
teins required for myofilament anchoring from localizing to the
attachment structures. Interestingly, unlike full-length UNC-97/
PINCH,ΔLIM2–3 UNC-97/PINCH protein failed to localize to
the nucleus. Conversely, during embryogenesis ΔLIM3 UNC-
97/PINCH protein normally localized to both the nucleus and
the muscle cell membrane but failed to localize to the nucleus in
larval and adult stages. Perhaps the failure of these constructs to
rescue the unc-97 mutant is because of the failure of these pro-
teins to shuttle in and out of the nucleus. Alternatively, failure of
rescue might result from a lack of interaction with other pro-
teins, such as UNC-98, which has been shown to interact with
LIM1–2 of UNC-97/PINCH (Mercer et al., 2003).
Further experiments will need to be conducted to determine
how the UNC-97/PINCH, PAT-4/ILK, PAT-6/α-parvin and
UNC-112/Mig-2 complex functions during the assembly of
the myofilament lattice. Additionally, the identification of other
members of this complex will need to be identified in order to
understand how this complex is regulated during embryogen-
esis. For example, it will be appealing to determine what proteins
are interacting with LIM2–5 of UNC-97/PINCH and what
function UNC-97/PINCH has in the nucleus. A recent study
from Miller and colleagues (2006) of adult muscle has impli-
cated UNC-97/PINCH in the normal localization of UNC-98, a
C2H2 zinc finger protein, which interacts with LIM1–2 of UNC-
97/PINCH and is required for the linkage of myosin filaments to
UNC-97/PINCH. Interestingly, UNC-98 is also found in the
nucleus as well as the dense bodies and M-lines. Therefore, it
seems likely that UNC-97/PINCH and UNC-98 function
together at least during later development for the assembly
and/or the maintenance of the myofilaments in C. elegans body
wall muscle.
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